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Abstract

A method for retrieving the atmospheric pressure corresponding 1o the tangent point of anin-
frarcd spectrum recorded in the solar occultation mode is described and applicd to measurements
made by the Atmospheric Trace Mole.cuk Spectroscopy (ATM OS) Fourier transform spectrometer.
Tangent pressure values arc inferred from measurements of isolated CO, lines with temperature-
insensitive intensitics. Tangent pressures arc determined wi(h aspectroscopic precision of 1-3%, cor-
responding to a tangent point height precision, depending on the scale height, of 70-21(1 meters. The
total uncertainty islimited primarily by the quality of the spectra and ranges between 4-6% (280-
420 meters) for spectra with signat to noise ratios of 300:” 1, to 4-1()% for spectra with signal 1o noise
ratios of 100:1. Theretrieval of atmospheric pressure increases the accuracy of the retrieved gas con-
centrations by minimizing the eflect of systematic errors introduced by climatological pressure data,

cphemeris parameters, and the uncertaintics in instrumental pointing.



1. introduction

Remote measurements of the infrared telluric spectrum arc a powerful means of studying, chem-
ical and dynamical processes in t he atmosphere. tlowever, the retrieval of gas concent rations from
such spectra depends critically on the knowledge of the observation geometry and the physical char-
acterigtics of the atmosphere along the ray path. 1 n limb sounding, precise knowledge oft he tangent
pressure (or height) for each obscrvation is mandatory for the subsequent dctermination of accurate
gas concentrations (expressed as volume mixing ratio).

The limb sounding geometry may be determined by two different methods: calculation from
orbital mechanics and knowledge of spacecraft position and motion, or direct in ference from mea -
surements of tcmpcraturc-insensitive. absorption features of gases tike CO.,, Ny, and O, for which the
vertical volume-mixing ratio profile isknown', In the first method, the motion of the platform versus
time as represented by the spacecraft ephemeris yields tangent pressures from climatological models
with an accuracy seldom better than -+ 1(E%, which critically limits the accuracy of gas concentration
retrievals?,

Pressure sounding through the inversion of tempcerature-insensitive absorption features of at mo-
spheric CO, provides an éttractive ater’ nalive, oflering rapid determination of the viewing gecome-
try by application of Beer'slaw. This method has been used extensively in the analysis of the solar
occultation measurements obtained by the ATMOS experiment from three Space Shuttle missions
(SPACELAB-3 (1985), ATLLAS-1 (1992), and AT1.AS-2 (1993)). A general description of the re-
tricval of the vertical distribution of atmospheric trace constitucnts from high resolution spectra can
be found for example in Brown er al ®. The method requires a plausible initial estimate of tangent
pressures and temperature profiles which canbe obtained from the National Metcorological Center
(NMC). While well known, the method has only been described in the interpretation of narrowband
radiometric solar occultation measurements 4.1n this paper we describe the method of spectroscopic
pressure sounding using high resolution infrared solar occultation absorption spectra obtained by the

ATMOS instrument and demonstrate that it can deliver a precision of + 1-3 % in pressure (7[)-210
metersin altitude). A total uncertainty of 4-6% can be achicved with spectra of reasonable quality.
The self consistency of the method will be assessed and its relative insensitivity to assumptions re-

garding the atmospheric temperature profile will be examined carefully in werms of the potential for

systematic errors in gas concentration profiles.
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] ncertain remote sensing applications it has been necessa ry to combine the determination of
tangent pressure with asimultancous measurement of the tangenttemperature. 1 n the absence of an
accurate climatological temperature profile, which was the case for the SPACHI.AB-3 mission, Rins-
land er @l ® derived tangent pressures froma simultaneous measurement of temperature and pres-
sure with an accuracy of 5% using both temperat ure-sensitive and temperat urc-insensit ive features
in the 13 band of CO,. In spectral regions that do not include temperature-insensititive absorption
features, pressure sounding using temperat ure-sensitive absorpt ion feat urcs c-an lead to inaccurat ¢
tangent pressurc measurements;toadd ress this limitation during the ATT.AS-1 mission, Stiller efal ©
derived simultancous tangent pressures and temperat urcs from measurements of CO, volume mixing
ratio profiles using alinear regression technique. Historically, Simultaneous measurements Of pres-
sure and temperature arc computationally Very intensive and pressut ¢ sounding ofiers a rapid and

accurate alternative that is suflicient for the retrieval of many atmospheric trace gases.
2. The Spectroscopic Retrieval of Thngent Pressure

The method presented has been implemented and evaluated using the observations of the at-
mosphere made by the ATMOS experiment. ATMOS makes infrared spectroscopic observations of
the Earth's atmospherce in alimb-viewing geomet ry during sunrises and sunsets seen from on board
the Space Shuttle from which vertical distribution of more than thirty minor and trace atmospheric
constituents have be inferred?. An active solar tracker points the ATMOS instrument at the Sun
and follows the solar disk during each solar occultation c.vent. The instrument isaktouricr transform
spectrometer which measures the mid-i nfrared spectrum between 625 and 5000 cm™* (2 -16 yon)
al 0.01 cm? spectral resolution USING a Series of overlapping broad band interference filters. The
high spectral resolution and wide spectra] coverage of the instrument allows gas concentration mea-
surements to be made with unblended absorption features that arc largely |cmpcraturc-insensitive.
A typical ATMOS occultat ion consists of approximately 1(K) spectrarecorded at time intervals of 2.2,
seconds covering the altitude range from the t ropospher € to the lower thermosphere. For an obser-
vation platform in low FEarth orbit (altitude ~ 3(K) km) the rate of change of the tangent point altitude
is approximately 1 kilometer per second, and conseq uentiy tangent height separations of about 2 km
arc achicved for successive spectra. Fach atmospheric spectrum is ratioed to an average of many

cxo-atmospheric spectra to provide cancellation of the intrinsic instrument and solar features.
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Pressure sounding compares an observed spectrum With a calculated spectrum

" H

Te(oi,2) = cap(- }; >: KijkNEZV 1 GR) (1)

jz1k:1

where o is the spectral frequency, 2is the tangent height, x;;; is the absorption cocflicient for the
ith spectral point duc to the jth gas in the kth layer, 1, isthe number density of air in the kth layer,
vjk IS the volume mixing ratio of the jth pas in the kth layer, 2 iS a multiplicative scale factor for’
the volume mixing ratio, and g, IS the gcometrical slant path through the kih layer. Fach layer is
assumed 1o bec homogencous in temperature, pressure, density, and gas distribution; below 80 km
local thermodynamic equilibrium and no wind shears arc assumed. The ]cast-squares criterion is
used to minimize the sum of the squares of the residual diffcrences between the. measured spectrum
15, (04, 2) and the calculated spectrum7:(o4,2) convolved with the instrument function, where the
residual at the frequency o is

vi 2y, (04,2) Ao, 2) (2)

and the asterisk denotes a convolution. The expression

da

~ a7, iy <
e,y 3)
i

isimplicitly solved foia using azcro crossing, search with the. partial derivative of the transmission
with respect to absorber amount acting as a weighting function in the fitting process.

The random error in a spect roscopic tangent pr essure measurement is given by the number of
molecules that can be attributed to the residual spectrum relative to the number of molecules that
can be attributed to the spectrum (the volume mixing ratio). The precision, or random error, A in the
retricved pressure is

o)y = (01202,
A= [%)(2)][%4'(1\79 4(:,1"1 ] (4)

where ~)(2) and ?)(:) arc the. pressure and volume mixing ratio at the obscrved tangent height . and N

isthe spectral noise in the measured transmittances,The inclusion of a noisc estimate insures that the
error is always nonzero and provides arcalistic limit for the filling process. The broadband spectral
coverage allows many unblended CO, feat urcs 1o be used for the measurement of tangent pressure,
with the. results of each retricval combined into a statistical average to obtain a best ¢stimate of the

actual tangent pressure and the associated error. A weighted mean and a weighted standard deviation
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(lo) represent a realistic translation of the error in the fitting into a mcasurc of the precision of the

retrieved quantity,

3. Results and Discuossion

Three. initial assumptions arc necessary 1o perform a pressure sounding: (1) a plausible model
of the atmospheric pressure versus temperature distribution; (2) good knowledge of the vertical con-
cent ration distribution of CO,; (3) and a set of temperature-insensitive spectral absorption feat urcs
of CO, with well characterized line parameters. Fach oOf these assumption is detailed hereafter.

Pressure-tcmpcraturc profiles, which arc modcl assimilated daily temperature analyses of TIROS
Opcrational Vertical Sounder (1OVS)satellite and radiosonde data®, can be obtained from the Na-
tional Mctcorological Center (NMC)®. Finger er al 'Y have determined that the accuracy of the NMC
stratospheric temperature analyses is 2-3 K in the lower stratosphere, decreasing towards 10-J 5 K near
the stratopausc. Calibration of the NMC satellite data with radiosonde measurements introduces
the potential for larger errors over remote locations, such as the oceans in the southern hemisphere
where there arc fewer radiosonde measurements than over northern hemisphere, continental arcas.
Ib provide an extension of the measurements above the stratopause the MSISE-90 model'! provides
temperature, pressure, and density conforming to zonal average tabulations' 2. The MSISE:-90 rep-
resentation is a purely analytic filling of the tabulated zonal average temperature with a standard
deviation of 3K and pressure with a standard deviation of 2% over the 0. to 80. km altitude range,
although specific comparisons with NMC profiles for a given place and time suggest that, particularly
for the stratopausc, the MS1SE-90 temperatures arc typically 1()-20 K higher than the measurements.

A mean CO, profile has been assumed for the March-April 1992 AT1.AS-1mission with a con-
stant volume mixing ratio of 347 parts per million by volume (ppmv) in the lower stratosphere, in-
creasing to 360 ppmv in the troposphere. These assumptions resulted from the lower stratospheric
mcasurcments Of Bischof er af ¥ and Schmidtand Khedim'4; an annualincrease rate of 1.2 ppmv/ycar
is applied for subsequent missions. An atitude independent volume mixing ratio of ().7808 parts by
volume is assumed for N, whose clectric quadrupole transitions can be. used in the 1S-40 km dtitude
range!®. Nitrogen lines arc be used as an independent validation of the tangent pressures determined
from the CO, transitions.

T'he assessment of atmospheric pressure is accomplished by the |cadl-squares fitting of the mea -

sured speet rum with aca leulat cd spectrum within spectral intervals or microwindows containing onc or
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more absorption features of the desired specics. The selection and definition of suirable microwindows

for this application was based on scveral criteria: ideally, microwindows about ().2 to ().4 cm* wide
were sclected to obtain isolated spectral features wi(h well defined 1 W% transmission levels on cither
side of the linc over the altitude range of interest, Occasionally, the usc of wide microwindows, with
widths between 1.0 and 10.0 cm'required that the absorption feat urcs of interfering gases be well

identified rind characterized. Altitude limits were assigned to correspond to central absorptions of
typically 2-70 % for the target features. A major consideration was the temperature dependence of
the CO, absorption features, which is mainly dependent on the lowci sate energy (1) of the tran-

sitions. With an assumed temperature accuracy of better than 5 K, lines with lower state energics
between 60 and 400" cm? may be used for tempceraturc-insensitive pressure determinations 1o better
than 2.%. Microwindows for high resolution pressure sounding from CO, lines arc listed in Tablc 1
for the atitude range between 1Sand 125 km. In the following discussion attention will be focused
on tangent pressure retrievals in the spectral region (1 S50 -3450 cm-!) corresponding to onc of the
optical filters in which the root mean square signs]-lo-noise ratio in the continuum is typically 90-130."
Al such alevel the noise is a significant component of the random crror budget.

The method of pressure sounding has been applicd to alarge set of obscrvat ions made by the AT-
MOS instrument obtained during three Space Shuttlc missions in 1985,1992, and 1993. Results arc
presented for a typical occultation with an average signal-to-noise ratio of 100:1 and a hemispheric
average occultation, in which all sunrise occultations in a given filter arc averaged together, with a
signal-to-noise ratio of 300:1. These examples represent two extreme cases: in the worst case, the.
noise is the largest component of the error budget, while in the best case the largest component is
the accuracy of the spectroscopic parameters. The pressure errors for a single occultation (Figure
1a) arc a statistical average and range from 2-6% in tangent pressure, or 140-440 metersin t angent
height (assuming a 7 km scale height), with a near linear dependence on tangent pressure.. The pres-
cnce Of an apparent pressure dependence in the tangent pressure error refiects the amount of spectral
infor mat ion available at different tangent pressures. 1'he fractional opacity, dc.fined as the normal-
ized weighted sum of the transmittance within the microwindow increases at lower altitudes, and the
presence Of more compatible microwindows at lower altit udcs combine to decrease the random error
in the pressure sounding process. The number of microwindows available at higher altitudes is not

suflicient o significantly decrease the random error relative to a single measurement.
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Self-consistency dictates that if atangent pressure isdetermined assuming a CO, volume mixing
ratio of 347 pprnv, then within that same spectral microwindow, a burden retrieval of CO, should
return 347 ppmy, if thatretricved tangent pressure is assumed. The absence of any statistical bias of
the mean CO, profile with respect to the assumed CO, (Figurc 1b) profile indicates the robustness
of the retrieval process: cach retricved result lics within afraction of astandard deviation of the
cxpected value and at worst there might be a -().5%, bias which is relatively small compared withan
average weighted standard deviation of 4%. Thereis an anti-corrclation between the pressure error
and the number of microwindows (as illustrated in ¥igurc 2) which indicates a statistical (square-root
dependence) tendency. To obtain tangent pressure. crrors that arc near constant over the altitude
range it is necessary to find enough microwindows al each ahitude. ‘I’ his has proven to be impractical
above () km and leads to the limitation on the precision of the results.

The anti-proportionali ty between the tangent pressure error and pressure is suggestive that within
asingle occultation the measurement errors arc dominated by the limitations of the finite signal-to-
noisc ratio, which is typically 1()() in the spectral region between 2000 and 4000 cm] . A zonal or
hemispheric average of many occultations can improve the signal-to-ratio by as much as afactor of
S, which should decrease the random error significantly, The tangent pressure retricval illustrated in
Figure 3 isretricved from a zonal average occultation that combines all sunrise spectra in ATMOS
Filter 3 into a single occultation. The results arc considerably improved over the individual occulta-
tion results: a all tangent pressures the random crros lics between ().5% and 1.5%. The continued
improvement in precision towards lower altitudes remains d uc to the larger fractional opacity and
the. presence of more microwindows, but the range of errors is more consistent with the variation in
opacity than was observed in either a single microwindow or single occultation retricval.

Anindependent validation may be obtained with aretrieval of N, using the electric quadrupole
transitions that occur in relatively uncluttered spectral regions near 2400 ecm~in the 1Sto 40 km alti-
tude range. Thespectral intervals and altitude ranges, over which the four best N; transitions can be
used, arc given in Table 2. The sesults in Figure. 4, for both an individual occultation and a zonal mean
occultation, confirm that the tangent pressure assignments arc spectroscopically consistent with the
known volume mixing ratio of Ny, and that there is no statistical bias of the results duc to differences
between measurements based on either CO, or N,. This conclusion is consistent with a previous

investigation®.




4. The Error Budget

The error budget for tangent pressure sounding must include both random errors that lead to the
precision discussed above and systematic errors that, in combination with the random errors, deter-
minc the accuracy of the measurements. Sources are quantified in Table 3and include (1) uncertain-
licsin the assumed temperature profile, (2) the accuracy of the vertical distribution of CO,, (3) the
accuracy of the spectroscopic parameters, (4) the quality of the observed data (noise and zero trans-
mission oflscts), and (5) the ret ricval algorithm. 1 n contrast to previousasscssmentsl615 and where the
errors were taken 1o be invariant as a function of altitude, wc have estimated the altitude dependence
of each term (illustrated in Figurc 5). Table 3 summarizes the magnitude range for cach term, the
root sum sguare of the random and systematic crrors, and the tota uncertainly in the measurement.
Two terms, the propagated temperature error and the noise error, decrease with pressure; white, the
zero oflset error and the assumed CO,, profile error increase with pressure.

An assumed vertical distribution of CO. isused 1o infer the tangent pressure, and errors in this
distribution introduce asystematic error into the tangent pressure measurements. In the region be-
tween 20 and 80km where the CO, volume mixing ratio is essentially Constant, the reported errors
arc 1%, and increasc to 3% at lower altitudes as the CO, amount increases!3.14, Uncertaintics in the
assumed temperature profile vary from 2K in the troposphere to 10K at the stratopausc. Temperature
errors trandlate into intensity errors, depending on the temperature-sensitivity of the, spectral feature,
and hence an error in the retrieved pressure. While nonlinear, a 10K temperat urc error prod uces a
4% error in strengt h and a 2K temperat urc error leads to an error of less than 1 % in strength.

Firrors in the spectroscopic parameters systemat ically bias the tangent pressure measurements;
however, measurements of many spcctral features ar¢ combined and assessed for relative compati-
bility and may average out small diflerences between different laboratory measurements. Frrors in
the line strengths, which arc generally smaller than 2.5%, trandate dircctly into errors in the tangent
pressure, while errors in the air-broadened ha] f-wid ths, typically around 4%, yield errors of less than
2%. An evaluation of the potential altitude dependence based on diflerent features with different
accuracies would be quite, complicate.d given the number of spectral features usedat each altitude,
hence an accuracy of 2.5% will be assumed above 25 km, and 3.0% below 25 krn to allow for the

impact of the half-width accuracy.




The quality of the observed data has a profound impact on the precision of any remote sensing
measurement that tranglates the fractional opacity of the atmosphere into gas Cone.cnlrfilions or tan-
gent pressure determinations. The atmospheric spectra obtained by the ATMOS instrument have a
finite signal 10 noise ratio, limited primarily by the modulation eflicicncy of the instrument which is
frequency dependent. 1 n the best case, at frequencics between 650 and 1100 eme ! the signal to noise
ratio is 300:1, degrading to S0:1bctween 4000 and S000 cm] . The finite signal to noise ratio causes
arandom error in the measurcment of a spectral featur ¢ in proportion to the fractional opacity of the
microwindow. A signal 1o noise ratio of 100:1 and afractional opacity of 1 0% will permit t hc mea -
surement Of the spectral feature with a precision of 10%:, while at alower altitude where the fractional
opacity is larger, perhaps 30%, the precision will be 3%. Conscquently, the contribution of the finite
signal to noise ratio 1o the error budget will be strongly altitude dependent for asingle line duc 1o the
coupling through the fractional opacity.

Additionally, uncertainties in the instrumental line shape function and detector response limit
the quality of the spectra and hence the measurements that can be made from the spectra. The in-
strumental line shape is modeled in the retrieval process, and will be considered as components of
the algorithm accuracy. The detector response may be nonlinear and produce an offset of the zero
transmission level which alters the apparent depth of spectral features and hence the tangent pres-
sure measurement. Abrams et al ** (1994) have reporied amethod of minimizing the cflect of detector
nonlinearity, and assessed the impact of zcro transmission oflsets on the measurement of gas concen-
trations. The result is a systematic error in the gas concentration which is Icss than 1%.

Algorithm accuracy is difficult 1o assess since accurate modeling of the spectral response of the
instrument is critical. Small errors in line shape can alter the assessment of the gas concentration
or tangent pressure. pically, the calculated spectrum is convolved with an instrumental response
function that includes the instrumental line shape and field of view. Additionally, some numerical
apodization is used to cnhance the signal 1o noise ratio in the measurement process. Comparisons
with independent algorithms provide an important evaluation of the calculation of the instrumental
response function; the results agree. at the 1-3% level and suggest that any systematic errors present
in the algorithm do not perturb the results significantly. The scaling of the precision in an occultation
('signal to noiseratio of 100:1) of 2-6%to the result from a hemispheric average. occultation (signa to

noise of 300:1) of .5-1 .5% indicates that over alarge altitudc range the uncertaintics arc dominated
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by random efrors duc to noise in the spectra. The compatibility of the results obtained from CO, and
N, suggest that the systematic error estimates in Table 3 and Figure 5 arc rcasonable and perhaps
conscrvative.

The first step in the process of remote sensing of atmospheric trace gas concentrations is the
determination of the viewing geometry, A spectroscopic determination, through the retrieval of the
tangent pressure from the spectrain a manner that is consistent with the measurement of the. trace
gas burdens provides a degree of self-consistency and minimizes the potential for systematic errors.
Once the tangent pressure is assigned, the measurement of constituent concentrations is straight-
forward. ypically, the tangent pressure errors are systematically smaller than the constituent crrors
because there arc more spectral features with higher quality laboratory measurements. Conscquently,
the pressure errors, as vertical error bars, arc rarely displayed or tabulated with congtituent profiles.
However, a3% pressure error corresponds to a 3% crror in CO, concentration, and should map di-
rectly into a corresponding error in the concentration of any other constituent profile. Consequently,
the precision cstimate in constituent measurements should be the root sum square of the pressure

precision and the constituent precision,
5. Comparison with simultaneous measurements of tangent pressure and tangent temperatuore

An alicrnative method is the simultaneous determination of tangent pressure and temperature
from spectroscopic measurements of CO, feat ures t hat arc both temperat ure-sensitive and temperature-
insensitive. Rascal on aglobal speetral fitting approach, such a method has been applicd to the
ATMOS/SPACELAB-3spectra®. Morerccently, Stiller er al ¢ have used the spectral fitting retrieval
described in the present work to derive pressure versus temperature profiles from measurements of
individual CO,lincsand their corresponding lower state energics. The principle, advantage of these
methods isthe determ inat ion of tangent pressure in spectral regions where there arc insuflicient
temperature-insensitive CO, spectral features. Sccondar ily, the measurement of tangent temperature
with an accuracy of 2-3K between altitudes of 15 and 70 km may be desirable for certain applications
where trace gas measurements can only be performed with tcmpceraturc-sensitive spectral features.
in spectra] regions where both methods of tangent pressure measurement can be used, pressure-
sounding is a simpler problem and in spectra) regions where there arc no Ienlperaturc-sensitive spee-

tral features available in the spcctrum, the method described here may be the only practical approach
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for determining reliable tangent pressures, ‘I’ his is the casc, for example, in ATMOS Filter 2 covering
1100-2000 cm-*.

The propagation of tangent temperature ¢rrors into constituent measurement €rors is depen-
dentonthespecices (through the partition function and the shape of the vertical profile) and the lower
state energics of the target molecule’s infrared spectral features. 1 n addition, the wrong tangent pres-
sure will be assigned to aspectrum if ten~peralurc-sensitive CO, lines arc used in the pressure. sound -
ing in combination with an incorrect temperature profile. A comparison of retrievals obtained with
pressure sounding based on a meteorological temper ature profile and a simultaneous measurcment
of 1angent temperature and pressure demonstrated that the choice of temperature profiles and tan-
gent pressures dots ater the form of the profiles of uncorrelated gases in a systematic fashion, but
at alevelthat is statistically insignificant since the diflerences arc comparable 1o or smaller than the
precision of the measurements. In cases where both pressure sounding and simultaneous pressure
temperature ret ricvals can be performed, the measured ta ngent pressures arc essentially identical,
and conscquently the time required to achicve the result should be considered. Additionally, in the
case of the ATMOS cexperiment, we have found that a preliminary pressure sounding is a necessary

step before a simultancous retrieval of pressure. and temperature.
6. Conclusions

Woc have established the precision and accuracy of tangent pressure sounding for a solar occul-
tation remote sensing experiment based on spectroscopic measurements of temperature-insensitive
CO, spectral fecaturcs and with an independent retricval of Ny, The method assumes astratospheric
volume. mixing ratio profile of CO,,a correlative National Meteorologic.al Center temperature profile,
and a set of spectroscopic line parameters as the only a priori information, The retricval of tangent
pressure has been shown to be self-cmnsistent with the assumed atmospheric volume mixing ratio
profiles of CO, and N.. The method is robust and rcasonably independent of the assumed physi-
calmodel. Fxcept for’ filter bandpasses containing no temperature-insensi tive absorption lines, it has
not been nceessary to obtain spectroscopical ly-deterrnined temperature profiles to proceed with the,
assessment of trace gas volume mixing ratio profiles.

Three conclusions arc noteworthy in the context of the design of future experiments. (1) Highres -

olution, and hence spectra) sclectivity permits the usc of tempcerature-insensitive spectral features for
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the assessment of the viewing geometry and gas burden in a self-consistent fashion. (2) Temperature
sounding can be avoided except in cases where there arc no ternperaturc-insensitive speciral features.
(3) The tradeofl between pressure sounding and simultancous pressure-tcmpceraturc sensing should
include a consideration of the time required, and the goal of the measurement. For constituent re-
tricvals in high resolution atmospheric spectra, pressure sounding offers a rapid and accurate solution,

and may in practice be necessary before sirn ultancous retrievals of pressure and temperature.
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7. Figure Captions

Figure 1. Random pressure error and statistical evaluation of the pressure sounding for onc so-
lar occultation based on twelve microwindows. () Pressure error (solid curve) and the number
of microwindows (dashed curve). (b) The CO, volume mixing ratio, assuming the spectroscopic
tangent pressures and the weighted standard deviation of the twelve measurements compared with
the assumed CO, volume mixing ratio profile for1992 (solid curve), the dashed curves represent
4 5% limits about the expected 1992 profile.

Figure 2. Pressure sounding error (precision) as a function of the number of microwin dows (a
nominal surrogatc for the combined opacity of several microwindows). This mapping defines the
upper limit of the precision as a function of the amount of information available.

Figure 3. (a) Pressure sounding errors (tangent height errors (meters) for a sunrise zonal occul-
tation with a high signal to noisc ratio (300:1). (b) The CO, volume mixing ratio profile and 1o
weighted standard deviation errors and the assumed CO, volume mixing ratio profile for 1992
(solid curve), and 4 5% limits about the expected 1992 profile.

Figure 4. Nitrogen N, volume mixing ratio profiles for (a) a single occultation and (b) a mean
zonal occultation compared with the assumed N, profite of 0.7801 (solid curves). This validation
of the tangent pressures and tangent pressure erross itlustrated in Figures 5 and 8 iSindependent of
any of the assumption pertaining to the assignment of tangent pressure bascd on the. spectroscopic
measurements of CO,. Only residualtemperat urc and agorithm errors would effect both the CO,
and N, mcasurements in asystematic fashion and arc statistically insignificant. Notice that the
horizontal scales arc diflerent, and that in (a) the dashed curves represent= 5%, limits, and in (b)
A12% limits.

Figure S. The error budget for tangent pressure sounding as a function of altitude. (a) Random
error terms: (i) the spectroscopic precision, (ii) propagated crror from the temperature profile,
(iii) the error duc 1o the finite signal to noise (s/n=-100:1), (iv) the error duc to the finite signal 1o
noise (§/n = 300: 1). (b) Systematic error terms: (i) the accuracy of the spectroscopic parameters,
(i) the accuracy of the assumed CO, profile, (iii) biasing duc tozero transmission level oflsets. (€)

The rootsum square of al terms as a function of altitude in the best and worst cases.



Tablel:Microwindows containing CO2 lines
utilized for pressure-sounding

Central Full  E"  Altitude Isotope Rotational ~Telluric
Frequ. Width Range Lines 1nter.
em-1 em-1 cm- 1 km

(01101 )-(00001 )Band

633.87 .20 772 55-82 626 P44

661.84 .20 106 57-85 636 R16 03
683.94 .24 -200 68-105 626 R24,R20

684.83 .20 -400 4570 628 R20

686.30 .20 -400 35-65 627,628 R27,R31

69197 26 363 65-105 626 R30

693.58 .25 412 65-93 626 R32

(10002)-(01 101)Band

644.37 .20 1106 65-100 626 Q33

(10001)-(01101 )Band

74525 .30 1055 50-70 626 R31 03
746.84 .30 1106 4870 626 R33

(0001 1)-(1 0001)Band

934.90° .30 1751 1550 626 1'30

936.80 .30 1705 1750 626 1728

938.68 .30 1662 20-W 626 1’26

940,55 .30 1622 20-50 626 P24

942.38 .30 1586 20-52 626 P22

944.19 .30 1552 2353 626 P20

94598 30 1521 25-53 626 P18

947.74 .30 1494 2554 626 P16

949.4$ .30 1470 25-54 626 P14

95119 .30 1449 2555 626 P12

952,85 .30 1431 25-53 626 P10

954,52 .20 1416 2552 626 P8 03
956,18 .30 1405 2552 626 P6 03
957.78 .20 1396 25-50 626 P4 03

(10001 )-(00001)Band

1359.30 .24 331 9-32 628 P9 Cli4
1380.00 .30 126 19-35 628 R18 H20
1384.52 .35 221 15-34 628 R24 CH4,03
1385.15 .25 239 20-30 628 R25 03
1385.95 .30 258 18-32 628 R26 03




Tablel:Microwindows containing CO2 lines
utilized for pressure-sounding

Central Full E" Altitude Isotope Rotational Telluric
Frequ. Width Range lines Inter.
em-1 cm-1 cm-1 km

(11 102)-(00001)Band

1909.50 .30 363 30-58 626 P30 03
1 911.00 .30 317 30-58 626 P28 03
1912.52 .30 274 33-60 626 P26 03,190
1914.03 .30 234 35-60 626 P24 NO
1915655 .30 197 35-60 626 1722

1917.06 .30 164 35-63 626 P20

1950.70 .60 197 18-32 626 R22 03
195231 .30 234 23-36 626 R24

1953.92 .30 274 23-36 626 R26
(11101)-(00001)Band

2055.16 .30 317 50-73 626 P28

2056.70 .30 274 50-75 626 P26 03
206824 .30 223 50-75 626 P24 03
2061.32 .30 164 50-76 626 P20 03
2076.85 .90 0-135 50-78 626 Q2-Q18
(00011)-(00001)Band

2314.58 .20 186 60-92 628 P22 H20
231548 .20 170 70-95 628 1’21

2316.62 .20 307 60-80 627 P28

2328.67 20 234 76-125 626 P24

2332.37 .30 164 78-125 626 P20

2364,10 .30 164 80-125 626 R20

2366.65 .30 234 78-125 626 R24

2369.08 .30 317 78-125 626 R28

2372.56 .30 464 74-120 6'26 R34

(21 103)-(00001)Band

3204.75 ,40 317 15-30 626 R28 CoH9
3206.41 .40 363 13-30 626 R30

3211.38 .40 520 15-25 626 R36
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Tablel:Microwindows containing CO2 lines
utilized for pressure-sounding

Central Full E" Altitude Isotope Rotational Telluric
Frequ. Width Range Lines inter,
em-1 cm-1 cm 1 km

(21 102)-(00001 )Band

3312.63 .40 464 20-38 626 P34
3315.79 .35 363 22-42 626 P30
3318.95 .30 274 2240 626 P26
3322.11 .30 197 21-42 626 P22
3323.68 .40 164 18-38 626 P20
3325.25 .40 133 20-38 626 P18
3351.07 .25 814 8-30 626 R14
3352.52 .25 1064 8-30 626 R16
3354.10 .40 1334 8-30 626 R18
3357.30 .40 1975 2-45 626 R22
3358.70 .40 2345 2-38 626 R24
3361.85 .30 3165 2-38 626 R28
3363.32 .35 3625 2-30 626 R30
(1001 2)-(00001 )Band

3511.17 .35 163 72-50 636 P20
3516.51 40 81 72-50 636 P14
3518.02 .25 60 72-50 636 1'12
3535.97 .24 43 72-50 636 Rlo




Table2:Microwindows containing N2 lines
utilized for pressure-sounding

Central Full E " Altitude "Isotope Rotational — Telluric”
Frequ. Width Range Lines Inter.
em-1 cml em-1 km

2395.97 .80 111 16-38 14 S7 03,N20,CH4
2403.57 .80 143 1640 14 S8 03 NoO
2411.13 .70 179 16-35 14 S9 03,N20O
2418.65 .84) 219 16-40 14 Slo 03,N9O
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‘1’able 3: Error Budget for Tangent Pressure Sounding

Error Source

Temperature
Profile

C02 Profile

Reference
Pressure

Spectroscopic
Parameters

S/N(100,300)
Zero Offsets

Algorithm

Total Systematic Error
Total Random Error
Tots] Uncertainty

Error Type Réﬁéa (%)

< =X

(7]

2.6

2.5-3.0
1.0-10.0,0 .3-3.0
<1

1-3

4,8-6.7
0.4-10.1,1.0-3.6
5.0-11 ,4.9-7.6
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Height Error (m)
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